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Significant  progress  has  been  made  in  the  following  two  leseazcb  areas:  L  Nonlinear  qwctroscopy  of  micrometer- 
sized  multkwponent  droplets;  and  XL  Two- and  three-dimensional  scalar  and  velociy  mapping. 

I.  Chemical  species  and  i^ysical  properties  of  multicomponent  liquid  droplets  in  a  qmy  combuster  can  be 
detomined  by  a  nonintrusive  in-situ  optical  diagnostics  techniques,  A  brief  summi^  of  the  research 
accomplishments  in  die  three  areas  rdated  to  the  nonlinear  optical  interactions  inside  micron-siz^  droplets  and  the 
applications  of  such  roectroscQpy  to  determine  the  chemical  and  physcal  properties  of  the  droplets:  (1)  Model  for 
Nonlinear  Optical  Processes  in  Drtqriets,  (2)  Fluorescence  Seeding  of  Stimulated  Raman  Scattering  (SRS)  of  the 
Minority  Species,  and  (3)  Detection  of  Slight  Shape  Distortion  by  Spectroscopic  Means,  n.  A  review  of  the 
progress  in  our  multi-dim^onal  scalar  and  velocity  measurements  in  turbulent  flames  is  also  given.  Among  the 
accomplishments  during  the  funding  period  are  the  following:  (1)  Scalar  field  measurements  of  differential  diffusion 
effects  in  turbulent  flows;  (2)  Development  of  a  digital  particle  ima^  velodmetry  Oi*IV)  technique  for  velocity  field 
measurements  in  reacting  arid  nonreacting  flows:  Q)  C^b'ination  of  the  new  di^^  PIV  technique  with  previoudy 
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INTRODUCTION 


During  die  three  years  of  AFOSR  support,  rignificant  progress  has  been  made  in 
the  following  two  research  areas:  (1)  Ntmlinear  spectroscopy  of  micnniieter-sized 
multicomprment  droplets;  and  (2)  Two-  and  three-ditnensional  scalar  and  velocity  mapping. 
Specific  details  of  our  accomplishments  regarding  die  use  of  ncmlinear  c^cal  spectroscqiy 
to  characterize  droplets  and  mulddiniensional  diagnostics  in  flames  can  be  found  in  die 
publicaticms  resulting  from  die  research  (See  list  starting  on  page  24).  All  these  prqiers 
have  been  submitted  to  AFOSR  in  both  preprint  and  reprint  form. 

RESEARCH  ACCOMPLISHMENTS 
1.  Nonlinear  Spectrosconv  of  Droplets 

Nonintrusive  in-sttu  optical  diagnostics  tediniques  have  the  potential  of  demrmining 
die  diemical  ^ledes  and  physical  prt^ierties  of  multicomponent  liquid  droplets  in  a  spray 
combustor.  A  s|dieiical  drc^let  or  slighdy  deformed  spherical  drtqilet  (in  die  form  of  an 
oblate  or  prolate  qjdieroid)  has  die  following  unique  characteristics:  (1)  enhances  the 
internal  intensity  of  the  incident  radiation;  (2)  inoeases  die  spontaneous  emission  rates  fm 
the  lasing  and  die  spontaneous  Raman  and  Brillouin  scattering  processes;  and  (3)  provides 
optical  feedback  fm  the  internally  generated  nonlinear  waves.  Consequendy,  d»  input 
intensity  dxreshdd  needed  to  achieve  stimulated  emission  in  the  micron-sized  droplets  is 
mudi  lower  dian  diat  expected  from  a  liquid  in  a  micron-thick  qitical  cell.  Ourreseardi  has 
shown  that  die  nonlinear  emission  spectra  from  micron-sized  droplets  contain  infmmation 
(Ml  die  chemical  qiecies,  the  species  ctmcentration,  the  droplet  radius,  and,  more  recendy, 
d»  deformation  amplitude  of  oblate  and  prolate  spheroids. 

Following  is  a  brief  summary  of  the  research  acconqilishments  in  diree  areas  related 
to  die  ncMilinear  optical  interacticMis  inside  micron-sized  (fat^lets  and  die  applications 


of  such  nonlinear  q)ectroscopy  to  determine  the  chemical  and  physical  inoperdes  of  the 
droplets: 


(1)  Mndpl  faWonliittgOntical  lYoccsacs  in  DropteB 

We  modified  the  standaid  tme-dimernkmal  couided  nonlinear-wave  equations  that 
are  iq>propriate  forstiniulated  BriDouin  scattering  (SBS)  and  stumilated  Raman  scattering 
(SRS)  in  an  optical  cell  in  order  to  accommodate  die  dn^et  geometry.  To  our  knowledge, 
diere  does  not  exist  a  set  of  nonlinear-wave  equations  that  can  describe  the  mqtoimental 
observati<»s  from  single  droplets,  such  as  the  time  delays  for  die  growth  of  SBS  and  SRS 
and  die  tenqxxally  conelated  growths  and  decays  among  die  SBS  and  the  various-<»tor 
Sttdees  SRS  waves.  In  our  heuristic  model,  die  internal  intensity  spatial  distribution  is 
calculated  widi  the  well-estaMishedLOTenz-Mie  fotmalisin.  The  internal  intensi^tenqxxal 
profile  is  die  same  as  eiqietimentally  observed  time  profile.  For  eadiroundtrip  around  die 
droplet  rim,  die  Raman  (or  Brillouin)  wave  experiences  gain  at  the  regions  of  high  internal 
intensity  and  experioioes  loss  all  around  the  droplet  rim  because  of  radiatkxi  leakage,  linear 
absoqitkxt,  and  intensi^  dqiletkm  associated  with  generating  other  nonlinear  waves.  The 
first-order  Sttdces  SRS  (or  SBS)  starts  from  the  spontaneous  Raman  (or  Brillouin) 
scattering.  The  hi^er-oider  Sttdces  SRS  starts  from  both  the  spontaneous  Raman 
scattering  and  the  parametric  signal  associated  widi  the  four-wave  mixing  among  the  multi¬ 
order  Sttdces  SRS  waves. 

There  ate  only  two  adjustable  parameters  in  our  heuristic  model.  Thefirst 
adjustable  parameter  is  the  Raman  (or  Brillouin)  gain  coefficient  a  liquid.  Becauseofthe 

cavi^  QED  effect,  die  gain  coefficient  in  a  droplet  can  be  enhanced  relative  to  that  in  an 
opticalcelL  The  second  adjustable  parameter  is  die  wave-vector  mismatdidk  (or 
coherence  Iragdi)  among  die  nonlinear  waves  participating  in  the  four-wave  mixing 
process.  The  wave-vector  mismatch  among  MDR's  is  difficult  to  predict  because  die 
MDR's  can  have  different  phase  velocities  diat  differ  from  the  plane  wave  phase  velocity 


in  a  lupiid.  By  adjusting  the  Raman  (or  Biillouin}  gain  coefficient  and  the  wave-vector 
mismaich  in  our  heuristic  model,  we  were  aide  to  obtain  good  agreement  widi  the 
experimentally  observed  temporal  profiles  of  both  the  SBS  and  die  first*  through  third- 
order  Stokes  SRS.  The  Raman  and  Biillouin  gain  coefficients  affected  the  delay  time 
between  die  appearance  of  die  SBS  and  first-<xder  SRS,  after  the  punqi  laser  is  turned  on. 
The  wave-vectormismatdi  affected  the  tenqporal  premies  of  the  SBS  and  the  various  order 
Sttdces  SRS.  In  additixm,  die  wave-vector  mismaich  affected  die  correlation  the 
following:  (1)  the  intensity  valleys  the  SBS  with  die  intensity  peaks  of  dw  first-order 
Stolms  SRS;  and  (2)  the  intensity  valleys  of  the  first-order  Stokes  SRS  with  the  intensity 
peaks  the  seoemd-order  Stokes  SRS.  Hie  adaptation  of  die  standard  ntmlinear-wave 

equation  of  plane  waves  to  accommodate  the  droplet  geometry  appears  to  be  reasonably 
successfiil  in  explaining  many  observed  n<»ilinear  phenomena  in  dn^lets.  (See  publication 
#3.) 

In  diesel  fuel  droplets  it  was  reported  diat  SRS  is  not  observable  because  the 
one-  and  two-photon  abstnption  processes  in  the  liquid  suppress  the  SRS.  One-photon 
absorption  in  the  green  can  be  minimized  by  selecting  die  input-laser  wavelength 
(Xinpirt)  to  be  in  die  yellow  or  red  region.  Two-photon  absorption  in  the  blue  may  not 
be  avoidable,  for  two  reasons.  First,  the  two-photon  absorption  bands  of  most  liquids 
are  not  well  known  and  are  fiequendy  ignored.  Second,  the  two-photon  absorption 
band  in  the  blue  is  hard  to  avoid,  because  even  if  is  selected  to  be  in  the  red 

region,  (Xinpa/2)  will  be  in  the  blue  region.  We  incorporated  two-photon  absorption 
effects  into  our  heuristic  nonlinear  wave-equation  model  in  order  to  simulate  the 
undesirable  ^ect  of  some  varying  amounts  of  two-photon  absorption. 

Two-photon  abscaption  can  be  grouped  into  two  cases.  The  first  is  a  degenerate 
two-phmrm  absorption  case  involves  two  ted-SRS  photons  that  are  distributed  around  the 
drqplet  rim.  Another  non-degenerate  two-photon  absorption  case  involves  one  red-SRS 
photon  and  one  green  pump-laser  photon  that  is  confined  to  a  small  focal  region  widiin 


4 


the  dn^let  sphere.  In  tte  latter  case,  the  non-degenerate  two-photon  absoipticni  process 
conqietes  widi  the  SRS  gain  process.  Amplification  oi  the  Raman  waves  can  <xily  occur 
when  the  Raman  gain  coefficient  is  larger  than  the  2-photon  absorpticm  coefficient  Thus, 
the  mm-degenerate  two-phoion  absorption  process  is  die  main  inhibitor  of  SRS  in  droplets. 
The  degenerate  two-photon  absoqition  case,  two-photon  absorption  only  affects  the  steady- 
state  SRS  intensity,  i.e.,  after  the  SRS  threshold  has  been  exceeded.  A  preliminary  report 
of  our  study  of  two-photon  effects  was  submitted  as  an  abstract  of  a  plenary  lecture  at  the 
1992  International  Congress  of  Raman  Scattering,  hdd  in  WUrzburg,  Germany  during 
August  31-September  4, 1992.  (See  publication  #S.) 

The  most  well-studied  nmilinear  processes  in  dn^lets  are  lasing,  SBS,  and  SRS. 
The  phase-tnatehing  condition  is  automatically  satisfied  for  all  diese  dure  processes.  The 
odier  types  of  four-wave  mixing  (FWM)  processes  that  have  been  observed  in  dn^lets  are 
coherent  anti-StolteS  Raman  scattering  (CARS),  coherent  Raman  gain,  third-cnder  sum 
frequency  generation  (TSFG),  and  stimulated  anti-Sttdces  Raman  scattering  (SARS). 

SARS  and  CARS  involve  the  same  physical  process.  The  CARS  experiments  require  two 
external  beams:  one  punqi  beam  at  and  the  other  Stokes  probe  beam  at  (Ostoim  = 
fOpanv  ~  where  uva,  is  die  fiequency  of  the  vibrational  mode.  By  contrast,  the  SARS 
eiqieiiinents  require  only  one  external  pump  beam  at  o)^»ni»  because  the  Stokes  probe 
radiation  at  tosiokes  is  provided  by  die  intense  SRS  generated  within  the  droplet 
Understanding  SARS  is  inqxittant  te  die  overall  understanding  of  CARS  in  droplets. 

Our  eiqpeiimental  observation  on  SARS  in  droplets  demonstrated  the  importance  of  having 
the  anti-StcdteS  frequency  to  be  on  or  near  an  apjaroptiate  MDR.  (See  publication  #4.)  To 
our  knowledge,  time  are  no  prior  reports  <»  the  observation  of  SARS  in  droplets.  In  order 
to  achieve  the  phase-matching  angle  between  the  pun^  and  Stdtes  waves  in  die  droplet  we 
focused  the  punqi  beam  on  the  droplet  edge  and  diereby,  launched  a  punqi  wave  with  wave 
vectors  that  ate  more  iqiptoptiate  for  phase  matching  with  the  Stokes  SRS  waves 
(circulating  around  die  droplet  rim)  and  the  resultant  SARS  waves.  From  our  experiments 
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with  ethantd  dn^lets,  we  noted  that  the  first-tnder  SARS  intensity  is  lO^X  lower  than  the 
fixst-ofder  SRS  intensity.  The  fiist-oider  SARS  intensity  is  considerably  largo-  dian  the 
secood-ocder  SARS  intensity.  The  intensities  of  the  sectmd-  and  higher-order  SARS  were 
comparaUe,  indicating  that  the  first-onier  SARS  piocess  involves  a  resmant  diiid-oider 
susceptibility  ^  ^  hi^ier-cxder  SARS  process  involves  a  non-resonant 

Our  e^qpeiimental  results  on  TSFG  in  droplets  cleariy  dononstraied  die 
inqxjrtance  of  having  the  sum  frequency  ouqmt  be  on  or  near  an  appropriate  MDR, 
presumably  because  of  wave-vector  {diase-matching  considerations.  (See  puUication 
#6.)  For  the  FWM  processes  (such  as  TSFG  and  SARS)  in  an  extended  medium, 
wave-vector  jdiase  matching  among  die  three  generating  waves  and  the  resultant  fourth 
wave  is  a  consequence  of  spatial  overiap  consideratitm  as  die  four  waves  co-propagate 
along  die  medium.  There  are  two  ways  to  envision  die  wave-vector  phase-matching 
conditions  in  droplets.  One  qiproach  is  to  decooqiose  the  standing-wave  nature  of  a 
MDR  as  two  counter  propagating  traveling  waves  diat  have  equal  but  t^posite  phase 
veloci^.  The  odier  approach  for  treating  wave-vector  phase  matching  in  droplets  is  to 
calculate  die  spatial  oveiltqis  among  the  three  generating  waves  and  die  resultant  fourth 
wave,  analogous  to  the  case  for  wave-vector  jdiase  matching  of  FWM  processes  in  an 
extended  medium. 

We  have  numerically  calculated  the  spatial  overitqis  of  various  combinations  of 
four  MDR's  associated  with  diird-harmcmic  generation  (THG)  by  die  internal  SRS 
waves  diat  ate  on  MDR's.  The  spatial  overlaps  among  die  four  MDR's  were  calculated 
in  die  radid  and  in  die  two  angular  directions  of  the  sphere.  The  treatment  of  phase 
matdiing  of  waves  in  droplets  that  ate  on  MDR's  is  more  accurate  with  die  spatial 
oveiliqp  approadi  than  widi  die  phase  velocity  approach,  which  is  only  accurate  for 
waves  circulating  in  the  equatorial  plane.  (See  publications  #7  and  #1 1.) 

A  review  of  many  of  the  nonlinear  optical  processes  that  can  be  observed  with  a 
single  mode  (injection-seeded  laser)  is  presented  at  a  SPIE  meeting  in  Dallas,  Texas. 


(See  publication  #2.)  An  extensive  manuscript  will  soon  be  puUished  in  the  conference 
proceedings  o(  5th  International  Tops0e  Summer  School  (xi  Nonlinear  Optics,  held  in 
Aalbng.  Denmaric,  3-8  August,  1992.  (Sec  publication  #16.) 
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(2)  nuorescence  Seeding  of  Stimulated  Raman  Scattering  fSRS)  of  the  Minority  Simes 

We  have  been  investigating  ways  to  improve  the  generation  of  SRS  for  the  minor 
species  (benzene,  an  example  of  a  carbon  ring  coix^)ound  whidi  give  rise  to  soot)  in  the 
presence  of  die  major  qiecies  (dodecane).  In  a  multicomponent  fuel  droplet,  one 
component  can  evaporate  faster  dian  the  other  components.  An  example  is  a  low  boiling 
pdnt  liquid  (pentane)  mixed  with  a  high  boiling  point  liquid  (l-methyl-niq>hthalene). 
Consequently,  the  detection  SRS  of  the  low  boiling  pdnt  component,  after  significant 
amount  pentane  vaporization  has  taken  place,  can  be  a  problem.  (See  publication  #12.) 
The  input  intensity  needed  for  reaching  die  SRS  threshold  for  the  minor  species  (pentane  in 
this  exanqile)  can  not  be  achieved,  because  the  generation  of  SRS  for  the  majOT  species  (1- 
methyl-naphthalene  in  this  exanqile)  can  deplete  the  internal  input  intension,  making  the 
latter  insufBdent  to  pun^  die  minor  species. 

For  species  detection  of  a  multi-ccxnpraient  fluid  droplet  by  SRS  detection, 
fluorescence  seeding  can  preferentially  increase  the  SRS  intensity  of  the  minor  species. 

The  fluorescence  plectrum  is  indqiendent  of  die  pump  wavelength.  By  contrast,  the 
Raman  spectrum  is  dependent  on  the  pump  wavelength,  because  the  Stokes  Raman 
frequency  shift  is  always  equal  to  the  vibrational  frequency  of  the  molecule.  Good  spectral 
overiap  between  the  fluorescence  and  the  Raman  scattering  of  die  minor  species  is  required 
for  selective  fluorescence  seeding  of  the  SRS  of  the  minor  species.  In  addition,  it  is 
required  that  the  Raman  scattering  of  the  major  species  must  be  outside  the  fluorescence 
emission  profile. 

Conventionally,  SRS  builds  up  from  spontaneous  Raman  noise.  In  the  absence  of 
injected  external  seeding  radiation  at  the  Stdtes  wavelength,  the  SRS  processes  can  be 


considered  as  the  amplification  of  spontaneous  Raman  noise  by  as  much  as  e^.  However, 
when  the  droplet  contains  dye  molecules  that  fiuoiesce  within  the  Stdces  Raman 
wavelength  region  of  die  minOT  species,  the  Stokes  SRS  for  the  mincv  species  no  longer 
needs  to  start  mily  from  spontaneous  Raman  ndse.  The  SRS  intmsity  is  allowed  to  build 
up  frtxn  a  imich  larger  initial  value,  diat  is  determined  the  fluorescence  of  the  dye 
molecules  radier  than  from  the  weater  spcmtaneous  Raman  intensity.  Even  though  the 
Q^cal  dye  concentration  is  extremely  low  (e.g.,  10*^  to  10^  M),  the  fluorescence  noise  is 
sdll  much  larger  than  the  spontaneous  Raman  noise,  because  the  fluorescence  cross  section 
(a  •  10*^^  cn^  is  fourteen  orders  of  magnitiKie  larger  than  the  spontaneous  Raman  cross 
sectkxi  (o  »  lO*^  cwt^  of  the  minor  species.  Flumescence  seeding  effectively  lowers  the 
input-ponq)  laser  intensity  needed  to  achieve  a  certain  detectable  SRS  intensity  of  the  minor 
species.  Moreover,  flumescence  seeding  also  increases  the  growth  rate  of  the  SRS 
intensity,  because  die  parameuic  growth  rate  is  dqiendent  on  the  produa  of  the  input-pump 
intensity  and  the  Stdces  intensity  that  has  contributions  from  both  the  Raman  and 
fluorescence  emissions.  (See  puUication  #8.) 

However,  we  have  recently  concluded  that,  accompanying  the  fluorescence 
seeding,  there  exist  some  increase  of  the  SRS  gain  associated  with  the  dye-lasing  gain.  We 
are  finishing  a  series  of  experiments  K>  frudier  oar  understanding  of  the  roles  of 
flucvescence  seeding  and  the  concomitant  "extra  gain"  provided  the  pc^ulation-invoted 

dye  molecules.  We  have  demonstrated  that  we  can  achieve  the  improved  sensitivity  of  SRS 
of  a  minor  species  (3%  benzene)  in  dodecane  droplet  containing  2x10^  M  R560  dye.  (See 
publication  #15.)  Without  the  addition  of  the  R560  dye  or  not  having  the  SRS  wavelength 
of  benzene  overUqi  ^lectrally  with  the  fluorescence/lasing  band  of  R560,  we  were  unable  to 
detect  die  SRS  signal  from  3%  benzene  in  dodecane  drqilets.  Without  adding  R560,  the 
lowest  benzeiw  concentration  we  can  detect  is  5%  in  dodecane. 
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In  die  past,  we  have  ’^assumed"  the  shiqie  of  our  droplets  to  be  sphericaL  The 
special  locations  of  MDR's  are  described  exacdy  by  the  Lorenz-Mie  theory  that  is 
appro{ffiatB  for  electromagnetic  waves  interacting  widi  dielectric  objects  widi  spherical 
symmetry.  MDRs  are  the  natural  modes  of  the  droplet  and  are  labeled  by  three  indices: 

(1)  mode  order  /,  which  qiecifies  the  number  of  intensity  peaks  as  the  radial  distance  is 
increased  from  die  center  to  the  drc^let  surface;  (2)  mode  number  n,  which  specifies  the 
number  of  intensi^  peaks  in  the  equatorial  plane  as  the  azimuthal  angle  is  varied  from  0* 


to  180*;  and  (3)  arimudial  modes  number  m,  wfaidi  can  assume  the  values 
m  3=  dbi,  ±(n  - 1),. _ _  0.  For  a  perfect  sphere,  all  the  azimuthal  modes  (with  diffnent 


m  values)  fOT  a  fixed  it  have  the  same  frequencies.  The  azimuthal  modes  are,  ther^ore, 
2(n  + 1)  degenerate.  However,  for  droplets  with  small  amounts  of  shape  distortions,  the 
degeneracy  of  die  aamuthal  modes  are  partially  lifted.  For  MDR's  with  a  particular/ and 
n,  the  spectral  frequencies  of  die  MDR's  with  different  m  values  are  as  follows: 


o)(m)  =  a)« 


where  OQo  is  the  frequency  of  the  degenerate  MDR  for  a  perfect  sphere.  The  magnimde  of 
the  shape  distOTticMi  e  s  (rp  -rel/a,  where  rp  is  the  polar  radius,  re  is  the  equatorial  radius, 
and  a  is  the  radius  of  the  equivolume  sphere.  Note  that  the  frequency  shift  from  (oq  is 

dependent  on  and  on  the  sign  of  e.  For  an  oblate  qiheroid,  rp  <  re  and,  therefore,  e  is 

•  • 

negative.  For  a  prolate  spheroid,  rp  >  re  and,  therefrire,  e  is  positive.  Thus  by  measuring 
the  frequency  shifts  of  the  various  MDR's  with  different  m  values,  die  absolute  drqilet 
shape  (whedier  it  is  prolate  or  oblate)  and  the  distortion  ariqilitude  e  can  be  deduced 
spectroscopically. 


9 


We  have  observed  the  frequency  splitting  of  degenerate  ^heiical  cavity  mode  by 
using  a  Fabry-Perot  interferometer  to  analyze  spectrally  the  SRS  emerging  from  a  single 
droplet,  which  is  flowing  in  a  continuous  stream.  Because  of  the  inertial  effect,  the  droplet 
shape  is  distorted  into  a  prolate  spheroid,  with  the  axis  of  symmetry  (z-axis  containing  the 
drc^let  poles)  along  die  flow  direcdtHi.  Unlike  a  sphere,  where  all  the  great  circles  have  the 
same  circumference,  the  great  ellipses  o{  a  prolate  ^heroid  do  not  have  the  same  length. 
For  an  oblate  spheroid,  die  round  trip  distance  is  slighdy  larger  around  the  drc^let  equator. 
Hence,  the  morphology-dependent  resonance  (MDR)  of  the  droplet  at  the  equator  shifts  to  a 
longer  wavelength.  Furthermore,  for  an  oblate  spheroid,  the  round  trip  distance  is  slightly 
smaller  around  the  droplet  poles.  Hence,  the  MDR  of  the  droplet  at  the  poles  shifts  to  a 
shorter  wavelength.  The  wavelength  positions  of  die  MDRs  with  different  inclinaticm  angle 
d  from  die  droplet  poles  are  explicitly  given  from  the  perturbation  theory  develc^ied  by  the 
group  at  the  Chinese  University  of  Hong  Kong  (See  equation  above.)  In  between  the 
equator  and  the  pole,  the  MDRs  appear  at  discrete  wavelengths.  We  have  deduced  the 
droplet  shape  distortion  to  be  one  part  in  lO^  by  fitting  the  observed  discrete  SRS  peaks, 
corresponding  to  MDR's  with  different  m  values.  In  specific,  for  MDR's  with 
m  ^n,m  =  (n  -2),  m  =  (n  -  4)  and  m  =  («  -  6).  (See  publication  #1.) 

We  have  also  observed  that  the  SRS  (on  a  MDR  inclined  at  6)  will  process  in  time. 
From  the  ray-optics  view  pdnt,  the  radiation  that  circulates  once  around  the  oblate  drc^let 
rim  or  around  a  great  ellipse  does  not  begin  and  end  at  the  same  point  The  end  point  is 
shifted  by  a  small  angle  d4i  because  of  the  shape  distorticHi.  After  many  trips  around  the 
droplet  or  after  one  precession  period,  the  radiation  will  return  to  an  inclination  of  6. 


We  were  able  to  measure  the  precession  period  of  die  SRS  that  is  on  a  MDR  inclined  at 
angle  6  using  a  streak  camera.  The  relatitMiship  m  ~  n  cos6  is  well  known  in  angular 
momentum  dieoty  in  quantum  mechanics.  With  the  help  of  ProfessOT  Kenneth  Young  of 
the  Chinese  University  of  Hong  Kong,  and  by  using  the  perturbation  theory  for  MDR 
shifts  as  a  function  of  6,  we  were  able  to  deduce  the  droplet  shape  distortion  from  the 
precessitxi  frequency.  The  droplet  shape  distortion  was  deduced  to  be  7  parts  out  of  1(P. 
The  discrepancy  between  the  previous  frequency-splitting  measurement  (of  1  part  out  of 
1(P)  and  the  present  precession-time  measurement  (of  7  parts  out  of  1(P)  was  attributed  to 
the  following  experimental  parameters:  (1)  die  droplets  were  larger  for  die  time-dependent 
experiment;  and  (2)  the  droplets  were  falling  faster  in  the  time-dqiendent  erqieriment 
Because  die  shape  distortion  is  highly  dependent  (xi  both  the  Weber  and  Reynolds 
numbers,  we  were  satisfied  that  the  tune  measurements  gave  a  larger  distortion  than  the 
frequency  measurements.  (See  publicaticms  #9  and  #10.) 

The  frequency  splitting  of  MDR’s  with  different  m  values  (as  observed  in  the 
frequency  domain  widi  a  Fabry-Perot  inrerferometer)  and  the  jnecession  frequency  of  a 
particular  group  of  MDRs  with  values  around  m  (as  observed  in  die  time  domain  with  a 
streak  camera)  were  leptated  in  a  SPIE  conference  in  Shanghai,  China.  (See  publication 
#10.)  Bodi  the  frequency  splitting  and  pr^iesrion  frequency  can  not  provide  the  sign  of  the 
distortion  amplitude,  i.e.,  whether  the  droplet  is  prolate  or  oblare.  A  totally  new  technique 
was  developed  for  the  sole  purpose  of  determining  the  sign  of  e. 

In  1984  in  order  to  determine  die  evaporation  of  droplets,  we  used  the  frequency 
shift  in  the  lasing  spectrum  from  individual  drqilets  in  a  continuous  stream,  [feu  details  see 
H.-M.  Tzeng,  K.  F.  Wall,  M.  B.  Long,  and  R.  K.  Chang,  "Evaporation  and  Condensation 
Rates  of  Liquid  Droplets  Deduced  from  Structure  Resonances  in  the  Fluorescoice  Spectra," 
Opt  Lett  273  (1984)].  Since  then,  we  were  inspired  by  the  theoretical  papers  of  Prof. 
William  Sirignano  on  diree  interacting  droplets  that  exhilnt  different  evaporation  rates. 


In  die  calculaticm,  the  lead  droplet  has  the  largest  evaptxadcai  rate  and  the  thiid  droplet  has 
neatly  die  same  eviqxiration rate  of  acondnuous  stream  having  the  same  droplet-droplet 
separation. 

In  Older  to  make  contact  with  the  theoredcal  models,  we  initiated  an  eiqieriment  to 
measure  the  evaporation  rate  of  closely  spaced  droplets  in  a  segmented  streaia  A  pair  of 
constant-voltage  electtostadc-deflectitm  plates  were  used  to  deflect  the  charged  drtqilets  in 
an  undented  segment  The  uncharged  droplets  in  the  desired  segment  will  remain 
undeflected.  Because  of  induced  charges  and  the  larger  drag  coefficients  for  the  lead 
droplet  the  second  droplet  coalesces  with  tin  lead  droplet  making  die  new  lead  droplet 
Q)i/3  or  (3)1^  times  larger  than  the  trailing  droplets.  We  attempted  to  use  a  charge- 
coo^pensadon  technique  (developed  for  ink-jet  printers)  as  a  means  of  producing  a  lead 
droplet  of  equal  radius  with  respect  to  tl»  trailing  droplets.  However,  we  concluded  that 
the  larger  drag  coefficient  of  the  lead  droplets  will  always  cause  coalescence  widi  the 
second  trailing  drt^let 

In  spite  of  the  fact  diat  our  lead  drc^let  is  larger  than  the  trailing  droplets,  we 
noticed  several  interesting  features  regarding  the  evaporation  rates  of  individual  drq;)lets: 
(1)  the  lead  droplet  evaporates  faster  than  all  the  trailing  droplets;  (2)  each  droplet 
eviqioraies  a  little  faster  titan  its  trailing  drc^let;  and  (3)  only  by  the  6tit  trailing  drqtlet, 
does  tile  eviqxttation  rate  equal  tiie  evaporation  rate  of  a  continuous  stream.  (See 
publicatiCMis  #13  &  #17.) 

While  studying  tiie  evaporation  rates  of  closely  interacting  droplets,  we  were 
amazed  tiiat  the  spectral  resolution  of  a  high-resolution  spectrograph  (not  an  intoferometer) 
were  sufficient  for  us  to  resolve  the  fiequency  shifts  of  the  lasing  emission  onerging  from 
different  parts  of  the  droplet  rim.  The  CXDcamna,  tiiat  was  placed  at  the  «dt  plane  of  the 
spectrogizqtii  was  able  to  provide  spatial  and  spectral  information  of  the  lasing  emission 


from  different  parts  of  the  droplet  rim.  The  spatial  and  spectral  data  had  die  form  of  => 
shaped  curve  or  c-shaped  curve,  depending  whether  the  droplet  shape  is  prolate  or  oblate. 
Thus,  for  the  first  time,  we  were  able  to  deduce  the  absolute  sign  of  e  from  the 
feequoicy  shift  associated  widi  deformed  droplets.  From  die  curvature  of  the  3-shaped  or 
c-shaped  curve,  we  were  able  to  deduce  the  sign  and  die  magnitude  of  e. 

(See  publication  #14.)  Hnally,  we  ate  in  the  position  to  measure  the  droplet  evaporation 
rate,  shaped  distortion  amplitude,  die  distortion  shape,  and  the  relative  drag  coeffident 
among  closely  interacting  droplets. 

n.  Two- and  Thiee-Dimendonal  Measurements  in  Hames 

Laser  diagnostic  techniques  have  beoi  developed  that  are  capable  of  two-  and 
duee-dimensional  mapping  of  scalars  and  velodties  in  turbulent  flames.  Whenever 
possible,  die  techniques  are  tailored  to  measure  quantities  and  flow  configurations  of 
current  interest  to  combustion  modders.  The  availability  of  quantitative  data  on  the 
spatial  and  tenqioral  characteristics  of  structures  in  turbulent  reacting  flows  will  aid  in 
understanding  the  interactitm  ci  chemical  reactions  with  die  turbulent  motion.  A  better 
undostanding  of  this  key  interactitNi  is  inqxutant  for  testing  existing  modds  of  turbuloit 
combustion  as  well  as  for  suggesting  new  models.  In  the  following  sections,  some  of 
the  major  accomplishments  of  the  three-year  funding  period  are  outlined. 

(1)  Scalar  Measurements  in  Reacting  and  Nonreactine  Hows 

With  AFOSR  funding,  we  have  develqied  a  number  of  new  laser-based  imaging 
techniques  for  measuring  scalars  in  turbulent  flows  and  flames  (e.g.,  see  publications 
#18  and  #19.)  After  the  initial  development  phase,  it  is  our  goal  to  continue  refining  the 
techniques  and,  in  collaboration  widi  odier  combustion  researchers,  to  apply  these 
techniques  to  the  study  of  relevant  problems  (See  publication  #20.)  One  exanqtle  of 
sudi  a  study  is  the  simultaneous  use  of  Lorenz-Mie  and  fluorescence  imaging  to  study 


differential  diffusion  effects  in  a  turbulent  nonreacting  jet  In  die  eiqperiment,  the  use  of 
two  different  scattering  mechanisms  allowed  the  measurement  of  the  difference  between 
the  concentration  profiles  of  a  noodiffiisive  marker  (aerosols)  and  a  diffusive  <me 
(biacetyl).  During  the  first  year  of  the  grant,  analysis  was  performed  on  data  obtained  in 
cdlaboradon  with  researchers  fixim  the  University  of  Sydney.  Matched  instantaneous 
image  pairs  of  biacetyl  and  particle  concentratitm  showed  differences;  die  paitkie  images 
exhibited  sharper  contours  and  a  nxxe  convoluted  stracdne  widi  finer  detail  Tbe 
fluorescence  images  showed  a  “superlayer”  similar  to  that  found  in  Rayleigh  images  in 
flows  of  this  kind.  Subtracdon  of  one  normalized  image  from  the  other  in  each  pair 
revealed  numerically  greater  overall  diffiirion  of  the  biacetyl  gas,  a  direct  indicanv>n  of  its 
molecular  contribution  to  total  mixing.  These  findings  support  the  argument  that 
molecular  diffiisivity  in  general,  and  diffeiendal  diffusion  between  species  in  particular, 
must  be  accounted  for  in  the  interpretation  of  laboratory  flame  results  that  are  used  to 
validate  and  test  combustion  models.  (See  publications  #21  and  #22.) 

(2)  Diptal  Particle  Image  Velodmetrv 

Partide  image  vdodmetiy  (PIV)  has  been  estaUished  as  a  viable  means  for 
malring  quantitative  measurements  of  two  wlocity  components  widiin  a  plane 
intersecting  a  flow.  The  technique  is  based  on  recording  images  of  a  seeded  flow 
ilinniinatffri  by  a  multiple-pulsed  laser  sheet  Two  cmiqxxients  of  the  veloci^  are 
determined  fiom  the  separation  of  the  particle  ima^  and  the  known  time  between  laser 
pulses.  In  most  of  the  work  done  to  date,  photographic  film  is  used  to  record  the 
images  b^use  of  its  high  spatial  resoluticm.  In  the  last  few  years,  however,  electronic 
imaging  devices  with  high  spatial  resoluticm  h'tve  become  available.  We  have 
investigated  the  use  of  a  cooled  2048  x  2048  pixel  CCD  detector  for  recording  PIV  data. 

There  are  several  advantages  K>  the  use  of  electtonic  imaging  for  PIV.  Probably 
the  most  significant  is  the  eliminaticm  of  the  need  for  photographic  processing  of  the 
film  The  data  are  stcned  directly  in  the  computer  and  so  the  human  intervention 


required  in  developing  and  digitizing  of  photographic  negadves  is  eliminated.  In 
addition,  the  images  are  available  in  neariy  real  time  allowing  cm-line  opdmizadon  of  die 
focusing,  temptnal  sqnradon  of  the  laser  pulses,  seeding  density,  and  illuminadrai  sheet 
intensity.  An  addidonal  advantage  of  using  cooled  (XD  arrays  relates  to  thdr  large 
linear  dynamic  range.  By  taking  advantage  of  this  characteristic,  we  have  successfully 
d^ennined  velocity  fields  in  flows  with  agnificant  variadons  in  seeding  density  (flames 
are  generally  in  this  categoty).  This  capaiality  is  also  usefiil  in  resoludon  of  the 
direcdoial  andnguity  in  PIV. 

Experimentally,  the  use  of  a  cooled  CCD  array  for  digital  PIV  is  quite 
stiai^tforwanL  The  second  oc  third  harmonic  of  a  double-pulsed  Nd- YAG  laser  is 
formed  into  an  illuminadon  sheet  diat  intersects  die  flow.  The  laser  pulse  separation  can 
be  varied  between  40  and  200  psec,  and  is  selected  according  to  the  mean  flow  velocity. 
The  scattered  li^t  is  imaged  mto  the  CCD  detector  with  the  optical  axis  of  the  collection 
lenses  oriented  normal  to  the  illumination  riieet  Subsets  of  die  large  image  can  be 
ditectiy  analyzed  by  numerical  Fourier  methods  to  yield  die  autocorrelation  of  the  sub¬ 
image,  whidi  is  in  essence  die  local  velocity.  By  processing  sub-images  over  the  entire 
image,  die  velocity  field  can  be  obtained.  Our  current  CCD  detector  allows  resolution 
of  velocities  on  a  32  x  32  element  grid,  with  a  spatial  resolution  for  each  velocity  vector 
on  the  order  of  0.3  mm. 

hiitial  experiments  in  both  nonreacting  and  reacting  flows  have  been  performed. 
For  die  non  reacting  case,  die  flow  observed  was  an  air  jet  seeded  widi  submicron 
partides  firan  an  atomizing  aerosol  generator.  Successful  PIV  measurements  were  also 
made  in  an  alumina-seeded  premixed  methane-air  flame. 

(3)  SimnltMienus  Velocity  and  .Scalar  Imaging 

Another  advantage  of  the  digital  PIV  technique  described  above  is  its 
compatibaity  with  previously  develt^ied  scalar  imaging  techniques.  Although  several 
researchers  have  performed  simultaneous  velocity  and  scalar  measurements  at  a  single 


point,  die  capability  of  obtaining  velocity  and  scalar  images  is  new.  In  an  initial  set  of 
eiqperiments,  laser-induced  biacetyl  fluorescence  has  been  ccmibined  with  digital  PIV  to 
allow  simultaneous  measurement  the  nozzle  gas  concentration  and  the  velocity  field  in 
a  tuiinilent  nonreacting  jet  The  nozzle  gas  was  seeded  widi  biacetyl  as  a  marker,  and 
bodi  the  nozzle  gas  and  the  coflow  were  seeded  widi  submicrmi-sized  aerosols  for  the 
FIV  measuremrats.  The  third  harmonic  d  a  Nd- YAG  laser  (3S5  nm)  excited  biacetyl 
fluorescence  at  470  nm,  which  was  ima^  onto  a  384  x  576  pixel  CCD  detector 
through  an  interference  filter.  The  Lorenz-Nfie  scattering  from  the  aerosols  was  imaged 
onto  a  2048  X  2048  dement  CCD  for  die  velocity  measurement 

More  lecendy,  the  velocity  and  scalar  ima^g  work  has  been  exunded  to 
reacting  flows.  In  dieseeiq>eriments,bUu:^l  fluorescence  and  digital  FIV  were  used  to 
m^  the  unbumed  gas  concentration  and  dre  vdocity  in  a  turbulent  premixed  methane-air 
flame.  Simultaneous  concentration  and  velodty  data  in  flames  show  the  podtion  of  the 
flame  front  as  well  as  the  vdodty  of  die  gases  diroug^  die  flame  front  These  data 
should  be  useful  far  studying  extinction  aiul  for  understanding  the  coupling  between  the 
turbulence  and  die  chemical  reactions.  (Seepublicati(»i#23). 


(4)  Two-Dimensional  M( 


HIM  H  ( I KHJ 


■tb6.MuguffiEractiQ0 


^th  AFOSR  funding,  we  have  initiated  a  set  of  experiments  in  which  we  hope 
to  develop  a  new  imaging  technique  for  determining  the  mixture  fraction;  a  quantity 
direcdy  relevant  to  modeling  nonprennxed  turbulent  combustion.  The  availability  of 
mixture-fracticxi  images  in  flames  will  be  an  inqxxtant  stq>  in  resolving  issues  related  to 
the  scales  of  flame  structure  and  the  operative  burning  regimes  widiin  turbulent 
nonpremixed  flames. 

Tbe  mixtute  fraction,  ^  (defined  as  the  mass  fraction  of  atcmis  that  originated 
frxim  die  fud  stream)  is  of  critical  importance  for  modders  of  turinilent  nonpremixed 
combustion.  Since  diis  conserved  scalar  quantity  is  not  affected  by  the  chemical 


reacdolu  it  gives  valuable  infonnatioii  on  die  mixing  process.  Under  certain  conditions, 
(high  I^unkohler  number,  di^cal  equilibrium,  equal  diffiisivities)  this  conserved 
scalar  can  be  used  to  derive  essmtUdly  all  the  quantities  interest  in  the  flame. 

Experimentally,  die  detenminadon  of  the  mixture  fractum  in  noiqxemixed  flames  is  quite 
difficult  since  it  involves  simultaneous  monitoring  of  a  large  numbered  species.  At 
Sandia  Utoatory  the  tnbeture  fnedon  has  been  determined  at  a  single  point  from 
measurements  of  all  mqjor  species  using  qxntaneous  Raman  scanning.  Resultsfrmn 
diese  studies  are  among  die  most  cooqilete  sets  of  eiqierimental  data  available  in 
turbulent  flames.  The  data  from  single-pmnt  measurements  are  incomplete,  however, 
because  of  die  lack  trfnmldHliinensionaliiifMmation  required  to  obtain  gradients.  The 
scalar  dissipation.  %  (defined  as  %  »  2D  V^-  with  D  the  diffiisivity),  determines  the 

rate  of  molecnlar  mixing  and  is  widely  used  in  modeling  turbulent  reacting  flows. 
Therefore,  techniques  capaUe  of  twoHliriiensitmal  or  preferaUy  dvee-dimensional 
measurements  of  the  mixture  fiaetkm  are  needed. 

Because  the  scalar  dissipadon  is  calculated  fimn  die  square  of  die  mixnire 
fracdon  gradient,  die  scalar  disapatkm  results  are  extremely  sensitive  to  noise  in  die 
eiqperimenuddata.  Therefore,  it  is  critical  to  obtain  mixture  fracdmiinaages  with  hi^ 
signal-to-mnse  ratio.  Because  (rf  die  weakness  of  the  Raman  process,  prospects  for 
extending  the  single-point  Raman  measurement  the  mixture  fractum  to  two 
dimensions  are  remote.  A  means  of  determining  the  mixture  fracdon  without  measuring 
all  of  the  major  qiecies  has  recently  been  prc^xised  by  StftmeretaL  [More  detail  is 
available  in  S  JL  Stgmer,  R.W.  Bilger,  RW.  Dibble,  and  R.S.  Barlow, 
**MeasurBments  of  Omserved  Scalars  in  Turbulent  Diffusion  Flames,”  Cbmbust  Sci. 
Tech.  (1992)  p.  223].  In  this  woric  it  was  shown  that  die  mixture  fraedem  can  be 
determined  in  three  different  ways  from  simultaneous  measurement  of  only  two 
(prantides.  The  validity  of  the  method  requires  a  uniQr  Lewis  number  and  a  one-stqi 
reaction  between  fuel  and  oxidizer.  The  measured  quanddes  are  used  to  form 


a  conserved  scalar  from  vrfucfa  die  nuxtuxe  fraction  is  determined  in  an  iterative  process. 
We  have  performed  a  number  of  eiqwiimaits  in  wdiich  the  mixtuie  fraction  was  obtained 
from  images  of  the  Riyleigh  scattering  and  die  fuel  ctmcentradon.  These  eiqpeiiments 
were  conducted  in  our  laboratory  widi  the  ctdlaboiadon  of  researchers  at  the  University 
(rfSydn^. 

The  fbone  selected  for  our  first  study  was  a  turbulent  nonpremixed  acetaldehyde 
flame.  Acetaldehyde  (CH3CHO)  was  chosen  for  its  reladvely  hi^  fluorescence  yield 
and  small  variation  ci  fiuatesoenoe  intmsity  with  tenqperature,  which  allows  the  fuel 
concentration  to  be  found  directly  from  die  acetalddiyde  fluorescence.  Analtemadve 
means  of  measuring  fud  concentratkm  is  Raman  imaging,  but  because  of  die  need  for 
high  signal-to-ndse  ratio  to  detenmne  scalar  dissipadon,  the  more  efficient  fluorescence 
process  was  invesdgated  first 

In  our  Rayleigh  scatterin^acetakiefayde  fluorescence  imaging  experiments,  die 
flow  was  illuminated  two  overiapping  laser  sheets.  The  first  fmmed  from  die 
second  hamxmic  of  a  Nd:YAG  pumped  (fye  laser  (320  nm,  10  mJ  per  10  ns  pulse, 

10  tmn  sheet  height),  excited  fluorescence  from  die  acetaldehyde  fuel  Thesecond 
iflumination  dheet  from  a  flashlamp-punqied  dye  laser  (532  nm,  2  J  per  2  ps  pulse, 

2  cm  dieet  height),  excited  Rayleigh  scattering.  The  fuel  fluorescence  was  imaged  onto 
a  gated-imageiniensifier  that  was  optically  ccnqiled  to  a  coded  CCD  detector.  The 
Rayleigh  scaneiing  was  imaged  onto  a  separately  gated  intensifier  optically  coupled  K> 
die  second  CCD  detector.  The  two  lasers  and  image  intensifiers  were  fired  sequentially 
with  a  pulse  sqparation  of  ~3  psec.  This  toxqxxal  sepaiaticm  ensured  diat  there  was  no 
inteifeiunce  between  die  detected  signals  ftom  die  two  laser  sheets,  but  was  shcnt 
compand  to  die  smallest  flow  time  scales. 

The  raw  imogm  wen  ooBrected  for  background  and  non  uniform  detectcu’ 
Tttpotm.  la  addMon,sfaioe  die  magnification  <rf  the  two  images  and  the  illumination 
dwet  siae  wnu  tOmat,  the  neocssaiy  rotation,  translatitm,  scaling,  and  crcqiping 


were  am>lied  to  the  images  to  allow  diem  to  be  compared  on  a  pixel-by-pixel  basis.  The 
fuel  was  amixtuie  of  acetaldehyde  diluted  1/1  by  air  (on  a  mass  basis)  to  eliminate  soot 
It  emanated  from  a  piloted  burner  (d  »  3.8  mm)  widi  a  velocity  corresponding  to 
Re  » 18,(X)0.  The  flame  was  enshrouded  in  a  low-velocity  fUteied-air  coflow  in  order 
to  keep  the  measurement  area  clear  of  particles,  which  would  interfere  with  the  Rayleigh 
images. 

A  cmiserved  scalar,  0,  based  on  the  fuel  mass  fraction  (Y^  and  die  endialpy 
(H  scpT/Q)  served  as  the  basis  for  determining  the  mixture  fraetkm: 

p-Yf+CpT/Q 


P-  p2 


Pi  -  ^  +  Cj/QCTi-Ti) 

where  the  subscr^  denote  the  fuel  (1)  and  oxidizer  (2)  streams.  Yf  is  obtained  from 
the  fluorescence  images  and  T  is  related  to  the  Rayleigh  images.  The  mixture  fraction 
can  be  expressed  in  terms  of  the  fluorescence  signal,  F,  and  die  Rayleigh  signal,  Ra,  as 


follows: 


?  -  + C,(»r/Ra  - 


where  Q,  C^  and  F  cd  are  calibration  constants,  ar  is  proportional  to  the  local  Rayleigh 
cross  section,  and  W  is  the  local  mixture  molecular  weight  Since  ar  and  W  are  both 
functicMis  of  ^  an  iterative  process  was  used  on  a  pixel  by  pixel  basis  to  derive  the 
temperature  and  mixture  fraction.  The  laocedure  converges  quickly,  usually  within 
fewer  dian  four  iterations. 


RtelimiiuBy  data  on  die  calculated  temperature  and  mixture  fraction  obtained 
frt»n  die  instantaneous  Rayleigh/Quorescence  irxuiges  show  several  intnesting  features. 
Evidoit  in  the  terrqieranire  nuppings  are  die  hi^  terrqierature  zones  on  the  outer  edge  of 
die  flame.  As  eiqiected,  the  mixture  fraction  peaks  in  the  unbumed  regions  near 
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die  center  of  the  jet  Results  (tf  these  early  experiments  were  presented  at  several 
imeniational  meetings.  (See  publications  #24  and  #25.) 

A  closer  inflection  of  die  mixture  fiacdon  images  obtained  from  die  acetaldehyde 
flame  shows  a  slight  decrease  in  the  mixtuie  fraction  on  die  rich  side  of  the 
stoichiooaetiic  value,  where  the  ten^etatuie  has  not  yet  peaked.  A  similar  dip  in  die 
nnxtuie  fraction  on  the  rich  side  ci  the  flame  front  was  noted  in  noeasurements 
perfiocmed  in  a  laminar  flame.  One  eiqilanation  of  dns  behavior  is  pyrolysis  of  the 
aoetaldel^defrieL  To  investigate  this,  experiments  were  done  in  which  die  acetaldehyde 
fluorescence  and  fuel  Raman  scattering  were  measured  siniultaneously.  The  C-H  Raman 
scattering  should  be  relatively  insensitive  to  die  breakiqi  of  the  acetaldehyde  into  odier 
hydrocarbon  fragments.  The  fluorescence,  on  the  odier  hand,  is  expected  only  frxxn  the 
acetaldehyde  rrxdecule  itself ,  so  differences  in  the  Raman  and  fluorescence  traces  may  be 
indicative  of  pyrolysis.  Theeiqietimentalcaifiguration  wasneariy  thesameasforthe 
fluorescence/Rayleiidtc’Vcimients.  Two  changes  were  required:  first,  the  appropriate 
interference  filter  was  added  in  front  of  the  detector  used  to  detect  the  Raman  scattering, 
and  secrxid,  the  flashlanqi-pumped  dye  laser  was  focused  to  a  line  rather  dian  a  sheet  to 
provide  increased  Raman  signal  A  comparison  was  made  of  acetaldehyde  fluorescence 
and  C-H  Ranum  intensity  along  lines  intersecting  laminar  and  turbulent  flames.  Inboth 
cases,  the  agreement  was  quite  good  defiite  die  relatively  noisy  Raman  signal  These 
results  sqipoct  the  assertion  that  acetaldehyde  fluorescence  is  a  good  alternative  to 
Raman  scattering  as  a  means  of  marking  the  fuel  but  do  not  explain  the  anomalous  dip 
in  die  mixture  fraction  rm  the  fuel  rich  side  of  die  stoidiionietric  value. 

In  a  recent  cdlabocation,  Peter  Lindstedt  of  hrqperial  (joUege  performed  a  detailed 
calculation  of  acetaldehyde  chemistry  in  an  opposed  jet  configuration  (See  publication 
#26).  The  results  shed  considerable  light  on  the  mixture  fraction  obtained  in  our 
eiqieriments.  Calculation  of  the  mixture  fraction  from  the  computed  tenqierature  and 
fuel  masoi  fraction  using  the  two-scalar  scheme  outlined  above  results  in  a  dip  in  mixture 


fisctioa  on  die  zkh  side  of  the  flame  similar  to  those  obtained  in  the  experiments.  One 
of  the  most  striking  features  of  the  calculation  is  the  high  ccHicentration  of  CO  (a 
tnaxirnummolefiractkmttfneariy  20%)  present  in  die  flame.  The  combustitxi 
characteristics  of  acetaldehyde  qipear  to  differ  significandy  flom  that  of  methane,  so  that 
the  two  scalar  approach  that  worked  well  fcv  methane  and  propane  may  not  work  as  well 
for  acetaldehyde.  As  mie  way  to  check  that  the  results  df  the  calculadtm  are  in 
agreement  with  the  mqierimental  data,  the  confuted  results  were  used  to  generate  plots 
of  die  eiqiected  Raman  and  fluorescence  signals.  The  results  were  in  good  qualitative 
agreement  widi  our  experiments. 

Anodier  technique  diat  has  been  proposed  as  a  way  of  marking  the  foel  in 
hydrocarbon  flames  is  to  introduce  acetone  as  a  tracer  and  detect  acetone  fluorescence. 
Acetone  is  easily  seeded  into  flows  and  has  aaly  mild  toxicity.  However,  an  unresolved 
issue  related  to  the  use  actxone  as  a  fuel  tracer  in  flames  relates  to  the  behavior  of  the 
flucxesoenoe  as  a  function  of  tenqietatute.  To  test  the  use  acetone  as  a  fuel  tracer  for 

determination  of  mixtute  fraction,  the  fluotescence/Raman  setup  described  above  was 
used  to  investigate  laminar  and  turbulent  aoetCHie-seeded  medume  flames. 

The  acetone  was  seeded  into  the  mediane  fuel  by  bubbling  tnediane  through  liquid 
acetone  heated  to  30*  C  The  methane  and  acetone  vapor  were  diluted  with  air  giving  a 
final  mixture  of  70%  air,  25%  methane,  and  5%  acetone  by  volume.  The  laminar  flame 
was  stabilized  on  a  16  mm  diameter  nozzle,  and  the  gas  mixtute  had  a  Reynolds  number 
of 700  at  the  nozzle  exit  Results  of  the  fiuorescence/Raman  corr^Nuison  in  the  laminar 
flame  show  a  clear  departure  between  dw  normalized  fluorescence  and  Raman  signals, 
widi  die  fluoiescrace  signal  exceeding  the  Raman  signal  in  the  fuel-rich  region  of  the 
flame.  This  behavior  is  consistent  widi  die  fluorescence  increasing  as  a  function  of 
temperature  as  reported  by  other  researchers  (e.g.,  see  Tait,  NP.,  and  Greenhalgh, 

D  JL,  Twenty-Fourth  Symposium  (International)  on  Combustion,  The  Combustion 
Institute,  1992,  p.  1621).  A  comparison  of  the  normalized  Raman  and  fluorescence 


signals  in  a  turbulent  flame  showed  siinilar  results,  with  the  fluorescence  signal  greater 
duun  the  Raman  signal  in  some  locations.  A  paper  describing  the  various  two-scalar 
techniques  that  we  have  investigated  for  ntixtuie  fraction  imaging  has  been  accepted  for 
presentation  at  the  Twen^  Hfifa  International  Synqx>sium(m  Combustitm  in  frvine  CA 
in  July  1994.  (See  publication  #27.) 

To  avoid  the  problems  related  to  the  use  of  acetaldehyde  or  acetone  as  the  fuel,  a 
set  of  experiments  were  done  in  which  the  concentration  of  fuel  was  inferred  from  the 
Raman  scattering  oi  the  vibraticmal  C-H  stretch  of  methane.  The  main  drawback  to 
Raman  scattering  is  the  extremely  small  Raman  scattering  cross  section  and, 
consequently,  the  difBculty  in  getting  sufficient  rignals.  As  early  as  1985,  we 
demonstrated  simaltaneoas  Raman  and  Rayleigh  imaging,  althou^  the  data  were  not 
used  to  determine  mixture  fraction.  Previous  Raman  imaging  e]q)eriments  made  use 
of  a  imiltipass  optical  cell  to  form  the  illumination  sheet  In  this  work,  a  multipass  cell 
was  not  used,  but  a  two-pass  arrangement  allowed  two  conqwnents  of  the  scalar 
gradient  to  be  determined  along  a  line. 

In  the  Raman  and  Rayleigh  line  imaging  measurements,  a  flashlamp-pumped  dye 
laser  provided  up  to  IJ  of  energy  at  532  nm.  To  reduce  the  beam  divergence  of  the 
laser  and  thereby  reduce  the  waist  of  the  focused  beam,  the  laser  cavity  was  lengthened 
to  3.1  m.  The  beam  was  focused  into  the  flame  initially  by  a  ^herical  lens.  After 
passing  through  the  flame,  the  beam  was  re-collimated  by  a  second  lens,  reflected  from 
a  planar  mirror,  and  refocused  into  the  flame.  The  two  beams  were  aligned  so  that  the 
reflected  beam  passed  just  over  tiie  top  of  the  incoming  beam.  This  two-beam  approach 
allowed  gradients  to  be  obtained  in  both  tiie  radial  and  axial  directions.  The  beam  waist 
was  measured  to  be  0.6  mm. 

The  scattered  Raman  and  Rayleigh  light  was  detected  by  two  intensified  CXD 
detectors  oriented  perpendicular  to  the  laser  beam.  The  Raman-scattered  light  was 
isolated  by  an  interference  filter  and  focused  onto  a  angle-stage  image  intensifier 
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by  an  fl.2  camera  lens.  The  ou^ut  of  the  intensifier  was  q)dcally  coupled  to  a  cooled 
CCD  detector.  An  f4.0  camera  lens  imaged  dte  Rayleigh  scattering  onto  a  two-stage 
image  intensifier,  which  was  qptically  coupled  to  the  second  cooled  CCD  detector. 

Bodi  image  intensifiers  were  gated  coincident  with  die  laser  pulse  to  eliminate  flame 
luminosity.  (Note  diat  the  use  of  the  intensifiers  was  inimarily  for  gating  rather  than  for 
high  gain.)  The  digitized  ouqiut  from  both  cameras  was  read  into  a  single  lab  computer. 

The  raw  Raman  and  Rayleigh  line  images  were  corrected  for  background  and 
nonuniform  detector  response.  In  addition,  since  the  magnification  of  the  two  images 
was  sli^dy  different,  the  necessary  rotation,  translation,  scaling,  and  cropping  were 
applied  to  die  images  to  allow  them  to  be  compared  on  a  pixel-by-pixel  basis. 

The  volume  corresponding  to  each  pixel  was  .09  x  .09  x  0.6  mm^,  with  the  largest 
value  corresponding  to  die  beam  thickness.  SiiK:e  the  beam  thickness  represents  the 
main  limitation  to  die  spatial  resolution  in  these  measuremoits,  the  signals  were 
integrated  in  the  cross  beam  direction  and  3  pixel  smoothing  was  implied  in  the  radial 
direction.  The  resulting  images  consist  of  two  lines  radially  across  the  flow 
conesptmding  to  the  main  and  reflected  beams  widi  a  pixel  resoluticm  of 0.27  x  0.45  x 
0.6  mm^. 

The  flame  investigated  was  an  axisymmetric,  piloted  mediane-air  flame.  The  main 
fuel  nozzle  had  a  diameter  of  3.8  mm.  The  main  jet  was  surrounded  by  an  armular 
premixed  pilot  flame  (pilot  diameter  IS  mm).  A  low  speed  annular  coflow  of  filtered  air 
surrounded  the  burner  to  eliminate  particles  from  the  flow,  whidi  would  interfere  with 
the  Rayldgh  scattering.  The  mediane  was  diluted  3/1  on  a  volume  basis  to  elitrtinate 
sooL  The  Reynolds  number  was  20,600  and  the  beams  intersected  the  flow  at  25  nozzle 
diameters  downstreara  The  signalAioise  fn:  the  ambient  air  in  the  Rayleigh  images 
is  »  200.  Because  of  the  weakness  of  the  Rarruui  signal,  the  signalAioise  for  those 
images  is  roughly  15. 
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Sets  of  SOO  instantaneous  shots  were  taken  at  a  number  of  different  locations 
within  d»  flame  to  allow  statistical  characterization  of  the  mixture  fraction  and  the  scalar 
dissqntioiL  A  c(mq)lete  description  of  the  results  obtained  from  this  measurement 
approach  has  been  accepted  for  presentation  at  die  Twenty  Hftii  International 
Symposium  on  Combustion  in  Irvine,  CA  in  July  1994.  (See  publication  #28.) 


PUBUCATIONS  RESULTING  FROM  THE  RESEARCH 


L  Nonlinear  Spectroscoiw  of  MulriconBX>nentE^ 

1.  G.  Chen,  R.K.  Chang,  S.C.  Hill,  and  P.W.  Barber,  Trequency  Splitting  of 
Degenerate  Spherical  Cavity  Mode:  Stinnikted  Rainan  Soitraring  Spectrum  of 
Deformed  Droplets,"  Opt  Lett  i^,  1269  (1991). 

2.  RJL  Chang,  G.  Chen,  S.C.  HUl,  and  P.W.  Barber,  "Nonlinear  Optical 
Processes  in  Droplets  witii  Single-Mode  Laser  Excitation",  in  Proceedings  of 
the  SPIEConference  on  Nonlinear  Optics  and  Materials.  Vol.  1497  (SPIE, 
Bellingham,  Washington,  1991),  p.  2. 

3.  A.  Seipengiizel,  G.  Qien,  R.K.  Chang,  and  W.-F.  Hsieh,  "Heuristic  Model 
for  the  Growth  and  Coupling  of  Nonlinear  Processes  in  Etoplets,"  JOSA  B  9, 
871  (1992). 

4.  D.H.  Leach,  RJC.  Chang,  and  WJ*.  Acker,  "Stimulated  Anti-Stokes  Raman 
Scattering  in  Microdroplets,"  Opt  Lett  12, 387  (1992). 

5.  RJC  Chang  and  AliSetpengiizel,"Qtaractetistics  and  Applicatirais  of 
Stimulated  Raman  Scattering  in  Microdroplets,"  in  Thiiteentfi  International 
Conference  on  Raman  Spectroscopy.  1992.  WQrzburg.  Germany ,  W.  Kiefer, 
M.  Cardona,  G.  Schaak,  F.  W.  Schneider,  and  H.  W.  Schrdtter,  eds.(John 
WUey  and  Sons,  1992)  p.  33. 

6.  David  R  Leach,  Richard  K.  Chang,  William  P.  Acker,  and  Steven  C.  Hill, 
"Third  Order  Sum  Frequency  Generation  in  Droplets:  Expeiimenral  Results," 
JOSA  B  IQ,  34  (1993). 

7.  Steven  C.  Hill,  David  R  Leach,  and  Richard  K.  Chang,  "Third  Order  Sum 
Frequency  Generation  in  Drc^lets:  Model  with  Numerical  Results  for  Third 
Harmonic  Generation,"  JOSA  B  IQ,  16  (1993). 

8.  Alfred  S.  Kwok  and  Richard  K.  CThang,  "Fluorescence  Seeding  of  Weaker- 
Gain  Raman  Modes  in  Microdrc^lets:  Enhancement  of  Stimulated  Raman 
Scattering,"  Opt  Lett  IL  1262  (1992). 

9.  J.  Christian  Swindal,  David  R  Leach,  Richard  K.  C^hang,  and  Kenneth 
Young,  "Precession  of  Morphology-Dependent  Resonances  in  Non-Sphoical 
D^lets,"  Opt  Lett  ifi,  191  (1993). 

10.  Gang  Chen,  J.  Christian  Swindal,  and  Richard  K.  Chang,  "Frequency  Splitting 
and  Precession  of  Cavity  Modes  of  a  Droplet  Deformed  by  Inex^  Forces,"  in 
Proceedings  of  Shanghai  International  S\mposium  on  Quantum  Optics.  Vol. 
1726  (SPIE,  Bellingham,  Washington,  1992)  p.  292. 

11.  Steven  C  Hill  and  Richard  K.  Chang,  "On  Modeling  Nonlinear  Optical  Mixing 
Processes  in  Droplets,"  in  Proceedings  of  the  SPIE  Conference  on  Laser 
Applications  in  Combustion  and  Combustion  Diagnostics.  VoL  1862  (SPIE, 
Bellingham,  Washington,  1993)  p.  309. 


12.  All  Serpengttzel,  Richard  K.  Chang,  William  P.  Acker,  and  Rodney  L.  Sung, 
"Laser  Diagnostic  Techniques  for  Characterizing  Droplet  Size,  Qm^sition, 
and  Differential  Evaporation  in  Fuel  Sprays,"  in  XXIV  FISITA  Congress.  7-1 1 
June.  1992  London.  (Mechanical  Engineering  Publications  Ltd,  Lond(», 

1992).  C389/417,  paper  number  92^30,  p.l07. 

13.  Gang  Chen,  Ali  Serpengttzel,  Richard  K.  Chang,  and  William  P.  Acker, 
"Relative  Evapmation  of  Droplets  in  a  Segment^  Stream  Determined  by  CaviQr 
Droplet  Fluorescence  Peak  Shifts,"  in  Proceedings  of  fre  SPEE  Cmiference  on 

I  jiser  Applications  in  Combustion  and  Combustion  Diagnostics.  Vol.  1862 
(SPIE,  Bellingham,  Washington,  1993)  p.  2(X). 

14.  G.  Chen,  Md.  M.  Mazumder,  Y.  R.  Qiemla,  A.  Set]Kngttzel,  R.  K.  Chang, 
and  S.  C.  Hill,  "Wavelength  Vaiiatitm  of  Lasn  Emission  Alcxig  tiie  Entire  Rim 
of  Slightly  Deformed  Di^lets,"  Opt  Lett  I£,  1993  (1993). 

15.  Alfred  S.  Kwok  and  Richard  K.  Chang,  "Detection  of  Minority  Species  in 
Microdroplets:  Enhancement  of  Stimulated  Raman  Scattering,"  Cities  and 
Photcmics  News  4.  34  (1993). 

16.  Steven  C.  Hill  and  Richard  K.  CSiang,  "Nonlinear  Optics  in  Droplets,"  in 
Proceedings  of  the  Sth  Intematkmal  Tr^s^e  Summer  School  on  Nonlinear 
Optics  (Adborg,  Denmark,  3-8  August  1992)  O.  Keller,  ed..  Nova  Science 
^blisl^.  New  York,  (in  press). 

17.  J.  eSmstian  Swindal,  G.  Chen,  A.  Serpengttzel,  R.  K.  Chang,  and  W.  P. 
Acker  "Spray  Diagnostics  with  La^g  and  Stimulated  Raman  Scattering," 
Submitted  to  the  AIAA  Progress  Series  "Recent  Advances  in  Sprav 
Combustion."  American  Institute  of  Aeronautics  and  Astronautics, 

Washington,  D.C.  (Submitted). 

n.  Two- and  Three-Dimensional  Measurements  in  Flames 


18.  J.  R  Frank,  K.  M.  Lyons,  and  M.  B.  Long,  “Technique  fev  Three- 
Dimensional  Measuranents  of  the  Hme  D^elopment  of  Turbulent  Flames," 
Opt.  Utt.  16, 958  (1991). 

19.  M.  B.  Long,  “Multi-Dimensional  imaging  in  Combusting  Flows  by  Lorenz- 
Mie,  Raylmgh,  and  Raman  Scattering,"  in  Instrumentation  for  Flows  with 
Combustion,  A.  K.  M.  P.  Taylor,  p.  467-508  (Academic  Press,  1993). 

20.  S.  R  St&mer,  R.W.  Bilger,  R.  W.  Dibble,  R.  S.  Barlow,  D.  C  Fourguette 
and  M.  B.  Lmig,  “Joint  Planar  CH  and  OH  LIF  Imaging  in  Piloted  Tui^ulent 
Jet  Diffusion  Flames  Near  Extinction,"  Proceedings  of  the  Twenty-Fourth 
Symposium  (International)  on  Combustion,  (The  ^mbustion  Institute, 
Pittsburgh.  1992). 

21.  M.  B.  Long,  S.  R  Stflmer,  and  R.  W.  Bilger,  'TMfferential  Diffusion  in  Jets 
Using  Joint  PUF  and  Mie  Imaging,"  Combust.  Sci.  Tech.  92, 209  (1993). 


26 


22.  R.  W.  Dibble,  A.  R.  Kerstein,  M.  B.  Long,  B.  Yip,  and  K.  Lyons, 
*^easureniem  and  Coo^utadon  of  DifFerential  Mdecular  Diffusion  in  a 
Tinbulent  Jet,”  in  Turbulence  and  Molecular  Processes  in  Combustion,  T. 
Takeno,  ed.,  p.  303-310  (Elsevier  Science  Publishers,  1993). 

23.  J.  H.  Frank,  K.  M.  Lyons,  and  M  B.  Long,  “Simultaneous  Scala^elocity 
Edd  Measurements  in  Turbulent  Gas-Pha»  Eows,”  Proceedtings  of  the 
Central  States  Section  of  the  Combustion  Institute,  Madison,  WI  (1994). 

24.  S.  R  StAmer,  R.  W.  Bilger,  K.  M.  Lyons,  D.  F.  Marran,  and  M.  B.  Long, 
“Planar  Mixture  Fracdon  Measurements  in  Turbulent  Flaines  by  a  Jdnt 
Rayleigh  and  Fuel  LIF  Method,”  to  t^ppcp  in  Proceedings  of  the  14th 
International  Colloquium  on  the  Dynamics  of  Explosions  and  Reactive 
Systems. 

25.  M.  B.  Long,  J.  R  Frank,  K.  M.  Lyons,  D.  F.  Marran,  and  S.  H.  StAmer,  “A 
Technique  for  Mixture  E^on  Imaging  in  Turbulent  Ntmp  miixed  Flames,” 
Ber.  Bunsenges.  Phys.  Chem.,  97, 1555-1559  (1993). 

26.  P.  Lindstedt  and  M.  B.  Long,  “Comments  on  the  Pyrolysis  ^  /operties  of 
Acetaldehyde,”  Unpublish^  reptm  (1993). 

27.  J.  R  Frank,  K.  M.  Lyons,  D.  F.  Marran,  M.  B.  Long,  S.  H.  StAmer,  and  R. 
W.  Bilger,  “Mixture  Fracdon  Imaging  in  Turbulent  Ntmpremixed  Hydrocarbon 
Flames,”  accrated  ftxjiublicadon  Tvitaxy-Fifth  Symposium  (International)  on 
CombustioK,  frvine,  CA,  July  1994. 

28.  S.  R  StAmer,  R.  W.  Bilger,  K.  M.  Lyons,  J.  R  Frank,  and  M.  B.  Long, 
“Conserved  Scalar  Measurements  in  Turbulent  Diffusitxi  Flames  by  a  Rani^ 
and  Rayleigh  Ribbon  Imaging  Method,”  accepted  for  publicadon  Twenty-F^h 
Symposium  (International)  on  Combustion,  Irvine,  CA,  July  1994. 


27 


SOENTinC  CX)LLABORATORS 


In  addition  to  the  Co-ftinc^al  Investigators,  the  following  people  have 
participated  in  diis  project: 


I.  NonKnearSpectroscoiwofMiritkxmiponentl^oplete 

Outside  Scientists:  William  P.  Acker  (Texaco) 

Rodney  L.  Sung  (Texaco) 

Dipal^  Q.  Qiowdhury  (New  Mexico  State  Univ.) 
Steven  C  Hill  (U.S.  Army  Atm.  Sciences  Lab.) 
Kenneth  Young  (Chinese  Univ.  of  Hong  Kong) 
David  R  Leach  (Max-nanck-Insdtut,  Stut^ait) 
Wen-Fdig  Hsieh  (Chiao  Tung  Univ.,  Taiwan) 

Post  Doctond  Scientist:  Ali  Seipengilzel 

Graduate  Students:  Gang  Chen 

Alfreds.  Kwok 
Ali  SerpotgOzel 


n.  Two- and  Three-Dimensional  Measurements  in  Hames 

Outside  Scientists:  Sten  Sdmer  (U.  of  Sydney) 

Robert  Bilger  (U.  of  Sydney) 

Robert  Bariow  (Sandia  National  Labmatoiy) 
Robot  Dibble  (U.  C  Betimley) 
l^niliam  P.  Acko  (Texaco) 

Peter  lindstedt  Cb^teii^  Allege) 

Bald  Cetegen  (University  of  (jninecticut) 


Graduate  Students:  Jonathan  Prank 

Kevin  Lyons 
David  Manan 
Ping  Lin 


LECTURES  PRESENTED  ABOUT  THE  RESEARCH 


Richaid  K.  Chang :  (Talks  not  delivered  by  Richard  Chang  are  designated  by  *). 

"Relative  Evtqxntion  of  Multicoovonent  Fuel  by  Stimulated  Raman  Scattering," 
Spring  1991  TOE  Diesel  Group  Meeting,  Indianapolis,  IN,  May  2, 1991  (Prc^ss 
Report). 

"Nonlinear  Waves  in  Single  Droplets,"  Optical  Engineering  Southcentral  *91  Meeting 
(XI  Ntmlinear  Optics  and  Materials  the  Society  for  Photc^raphy  and  Image 
Engineering  (SPIE),  Dallas,  TX,  May  8, 1991  (Keynote  Lecture). 


"Midocavity  CSiaracteristics  Associated  with  a  Single  ^uid  Droplet,"  J(nnt  Meeting 
of  Quantum  Electronics  and  Laser  Sciences  (QELS)  with  (conference  of  Lasers  and 
Eleotro-Optics  (OJF.O),  Baltimore,  MD,  May  14, 1991  (Invited  Talk). 

"Diagnostics  in  Spray  Ccxnbustitxi,"  1991  Gonkxi  Research  Conference  <»  the 
Physics  and  Cbomstry  of  Laser  Diagn^cs  in  Combusticxi,  Plynoouth,  NH,  July 
15-19, 1991  (Discussion  leader  of  session). 

"Optical  Diagnostics  of  Single  Drc^lds,"  U.S.  Army's  CRDEC,  Aberdeen  Proving 
Ground,  MD,  September  30, 1991  (Serninar). 

"Update  of  Nonlinear  Spectroscray  of  Diesel-Fuel  Related  Droplets,"  Fall  Diesel 
W(xking  Group  feting.  State  (joUege,  PA,  October  24, 1991  (Progress  Repcxt). 

"N(xilinear  Spectroscopy  of  Droplets,"  Armual  Meeting  of  the  Optical  Society  of 
America  (OS  A)  and  Meeting  of  Lasm  and  Electro-Optics  S<x:rety  (LEOS),  San  Jose, 
C^,  November  5, 1991  (Invited  Talk). 

*  "Raquency  Splitting  and  Precessicn  of  Cavity  M(xles  of  a  Droplet  Deformed  by 
Inertial  Fotc^"  Shanghai  Intematitxud  Syn^tosium  of  (Quantum  (Dptics,  Shanghai, 
China,  Match  30-Apni  2, 1992.  (Deliverkl  by  Gang  Cten). 

"Nonlinear  Optics  in  Single  Drc^lets,"  ^ysics  Department  Seminar,  Harvard 
University,  Cambridge,  MA,  April  3, 1992. 

"Basic  Studies  and  Applications  of  Nonlinear  Emissicxi  from  Microdtoplets,"  Physics 
Deptutment,  The  Chinese  University  of  Hong  Kong,  Shatin,  HK,  April  13-15, 1992. 
(Soies  of  tlm  lectures). 

*  "Laser  Diagnostic  Techniqires  for  Qiaracterizing  Droplet  Size,  Conqxmticm,  atxi 
Differential  Evapcxation  in  Fuel  Sprays,"  FISITA  Con^pess,  London,  England,  June 
7-1 1, 1992.  (DeUveted  by  William  P.  Acker). 

"Nonlinear  Spectroscc^  of  Multiccxnpcxient  Droplets,"  AFOSR  Propulsion 
Cfontractcns  Meeting,  La  Jolla,  CA,  June  15-19, 1992. 

"Stimulated  Emissicm  from  Microdn^lets"  The  Second  Workshop  on  (Quantum 
(^xics,  Weizmann  Institute  of  Science,  Rehovot,  Israel,  June  22-26, 1^2. 

(Invited  Talk). 


*  "n«cessxm  of  Mm^rtudogy-Dependent  Resonances  in  N(»i-Spherical  Droplets," 
(delivered  by  J.  Christian  Swindal);  and  Tluoiesoence  Seeding  of  Stimulated  Raman 
Sonering  in  Droplets,*  (delivered  fay  Alfied  S.  Kwok),  Sden&c  Conference  on 
ObscuraTOD  and  Aero^  Research,  U.S.  Anny  Chemical  Research.  Development 
and  Engineering  Center.  Aberdeen  Proving  Ground,  MD,  June  22-26, 1992. 

"Nonlinear  Optical  Effects  in  Micrometer  Size  Paitfeles,  I  &  n,"  Sth  International 
Topsse  Summer  School  on  Nonlinear  Optics,  Aalborg,  Denmiuk,  August  3-8, 1992. 
(Two  Invited  Talks). 

*  "Fluorescence  Seeding  ofStimulated  Raman  Scattering  in  Microdrc^dets."  Topical 
Meeting  on  the  Nonlinear  Omics:  Materids,  Fundamentals,  and  Applications,  Maui, 
Hawaii,  August  17-21, 1992.  (Delivered  by  Alfred  S.  Kw^). 

"Determination  of  Chemical  and  Physical  Properties  of  Droplets  from  Nonlinear 
Spectroscopy,"  Edwards  Air  Force  Base,  CA,  August  21, 1992. 

‘Oiaracteristics  and  .^tpUcatimis  of  Stimulated  Raman  Scattering  in  Microdroplets", 
Xmtfa  Intemarional  CtMiference  on  Raman  SPCCtroKODYJWOrzburg.  Germany. 
August  31- Sepiendter  4, 1992.  (Plraary  Lecture). 

"Nonlinear  Optics  inside  a  Microdroplet,"  Atomic  Physics  Semioar,  State  Univetsi^ 
of  New  York,  Stony  Brodc,  NY,  October  14, 1992. 

"Chemical  Spedation  of  a  Droplet  vritii  Nonlinear  Optical  Effects,"  Physics  Seminar, 
RPL  Renssoaer,  NY,  October  14, 1992. 

*  "Third  Order  Sum  Ptequency  Generation  in  Droplets,"  Annual  Meeting  of  the 
OSA,  Albuquerque,  NM,  September  20-25, 1992.  (Ddivered  Steven  C  Hill). 

*  "Status  Rqwrtc^  Nonlinear  Diagnostics  of  Droplets  and  Sprays,”  UIRC,  East 
Hartford,  CT,  November  11, 1992.  (IS  minutes  talks  delive^  by  5  students  and  1 
post  doctoral  scientist). 

"EvtqKxation  of  Droplets  as  Detected  by  Stimulated  Light  Scattering,"  Air  FcHce 
Aero-Ptopulaon  Laboratory,  Wright  Pattersem  Air  Fo^  Base,  Dayton  OH, 
December  2, 1992. 

"Detennuudon  of  Chemical  and  I%ysical  Propetties  of  Droplets  from  Nonlinear 
Spectroscopy,"  NASA  Langely,  Qewland,  OH,  December  3, 1993. 

*  "Rdative  Evaporation  Rates  of  Droplets  in  a  S^mented  Stream  DMetminedl^ 
Droplet  Cavity  Flumescence  Peak  Shifts,"  SPEE  (inference  cm  Laser  Applications  in 
Comimstiem  and  Ccmitnisticm  I^gnostics,  Los  Angeles,  CA,  January  18-23, 1993. 
(Delivered  by  Ali  Setpengilzel). 

"Optical  Diagnostics  Chemical  Species  in  Flowing  Miciodropiets:  Nonlinear 
Spectroscopy,"  Chemical  Dynamics  and  Diagnostics  Branch,  Naval  Research 
Laboratory,  Washington  D.C,  June  21, 1993. 

"Nonlinear  Optical  ftocesses  in  a  Lkidd  Droplet  Microcavity,"  3rd  International 
Conference  on  Electrical  Ttan^xxt  aM  Optical  Ppopetties  ctfLohomogeneous  Media, 
Goanajuato,Mexico,  August  9-13, 1993.  (Invited  Talk). 


‘Thysical  aiKtCheniicai  Chancterizadon  (tf  a  Kficrcxixoplet  from  the  Lasing  Spectra,” 
Annual  Meeting  of  the  Optical  Society  of  America,  Toronto,  Canada,  October  3-8, 
1993.  (Invited  Lecture). 

"Physical  and  Chemical  Characterization  ci  a  Microdrc^let  fixxn  the  Nonlinear  Optical 
Spectra,"  12hh  Aimual  Me^g  of  die  American  Assocuuion  for  Aerosol  Reseanm, 
CUc  Brook,  IL,  October  11-15, 1993.  (nenaty  Lecture). 


MinhillB.LQDg 

Digital  hnaging  of  Ttirtaulent  Flows,"  AGARD  Ocmsulting  Mission  to  Instimto 
Superior  Tecnioo,  Lirixm,  PortugaL  Afnil  28, 1991. 

"Applications  of  Advanced  Combustion  hnagmg  Diagnostics,"  MTT  Mechanical 
Engmeering  Seminar,  Cambridge,  MA,  May  9, 1991. 

"Two-  and  Three-Dimensiooal  Measumnents  in  Flames,"  AFOSR  (Contractor's 
Meeting,  Boulder,  CO,  June  10-14, 1991. 

"Simnltaneous  Velocity  and  Scalar  Imaging  in  Flames,"  Institut  fiir  Technische 
Medianik  Seminar,  RWIH  Amhen,  G^nmuiy,  June  25, 1991. 

"Planar  Imaging"  presented  at  The  1991  Gordon  Research  Conference  on  die 
Physics  and  (Chenristiy  of  Laser  Diagnosdcs  in  Combustkm  held  at  Plymouth  State 
Ccdl^  (North)  in  Ptymoudi,  New  Hanqishire,  July,  1991.  (Discussion  leader  of 
Sesaon). 


"Combustion  Diagnos^  at  YaleTlhe  Eighteenth  SandiaTtubulence  and 
Aerodteraaochemistty  Researdi  (STAR)  meeting  held  at  Yale  University,  New 
Haven,  CT  October,  1991.  (Ifosted). 


"(Conserved  Scalar  hteasurements  in  a  Turbulent  Nonprembted  Flame,"  The 
Nhieceendi  Sandia  Turtnilenoe  and  Aerothermodiemistry  Research  (STAR) 
meeting  held  at  die  Lawrence  Berkeley  Labmatory,  Livermore,  CA,  April,  1992. 


"Imaging  htouturemoits  in  a  Combustioa  Bomb,"  presented  at  Texaco,  Beacon, 
New  YoriL  January,  1993. 


"Combusdoo  Diagnostics  UsiM  Imaging,"  Conference  on  Lasers  and  Electro- 
(Xitics  (CLEO  *93)  Baltimore  UHivention  (Center,  Baltimore,  Maryland,  May  2, 
im  (Invited  Talk). 


"Two-and  Three-Dimensional  Measurements  in  Flames,"  AFOSR  Annual  Meeting 
Atlantic  City,  New  Jersey,  June  14-18, 1993. 


"Multufimensional  Flow  Visualization,"  Meeting  on  Laser  Diagnostics  for 
Industrial  Rtooesses,  Heidelberg,  Germany,  June  28  -  July  2, 1993.  (Invited 
Talk). 


"Mixture  Fraction  Imaging  in  Tuibulent  Nonprnnixed  Flames,"  presented  at  The 
1993  Gonion  Research  Coafcrence  on  the  Physics  and  Chemistiy  of  Laser 
Diagnostics  in  Combustioo  held  at  Plymoudi  State  College  (Nmth)  in  Plymoudi, 
New  Hampshire,  July.  1993. 

"Multi-dimenskmal  Laser  Diagnostics  of  Combustion,"  Wesleyan  University 
Phyacs  Department  Semiiutr,  September  23, 1993. 

"Mixture  Fraction  Imaging  in  Turbulent  Noqnemixed  Hydrocarbon  Flames,"  Fall 
Meeting  oi  the  Western  States  Section  of  the  Combuasuxi  Institute,  Menk)  Puk, 
CA,  October  18-19, 1993. 


32 


INTERACTIONS  WITH  OTHER  LABORATORIES 


RiclMniK.C3]inr 

Air  Force  Aero-Propolsioo  Laboratory.  Wri^t  Patterson  AFB,  OH 
Dis.  T.  Jadcson,  M.  Roquemore,  and  Lt.  R.  Hancock 

Atmoqthetic  Science  Laboraio^.  White  Sands  Missile  Base,  NM 
Drs.  S.  HUL  R.  Pinnick,  J.  B.  Gillespie,  and  D.  Pendlettm 

ERDEC,  Aberdeen  Proving  Ground,  MD 
Drs.  L  Sindoni,  B.  Bronk,  and  J.  Embury 

Naval  Research  Laborato^,  Washington,  DC 
Drs.  A.  Canqnllo  and  H.-B.  Lin 

Texaco,  Beacon  NY 
Drs.  R.  Sung  and  W.  Acker 

United  Techndogy  Research  Center,  East  Hartford,  CT 
Drs.  A.  Eckbredi  and  M.  Wmtu 


Marshall  B.  Lena: 

Air  Force  Aero>Pnc^olsion  Laboratory,  Wii^tPatwrson  AFB,  OH 
Dr.  ML  Roquemore 

Systems  Research  Laboratories,  Dayttm,  OH 
L.  P.  Goss 

University  cf  CaHfomia  Berkeley,  Berkeley,  CA 
Professor  Robert  W.  Dibble 

Universiw  of  Sydney,  Sydn^,  Australia 
Dr.  Sten  Sdrner  and  Pmlcssoc  Robert  W.  Bilger 

Texaco  Research  Labs,  Beacmi,  NY 
Dr.  William  Acker 

Insdtut  Fiancais  du  Petrole,  RueU-Malmaiscm,  France 
Dr.  D.  Verfaoeven 

Inqterial  College  of  Science  and  Technology,  London,  England 
Dr.  P.  Lindstedt 

Sandia  National  Laboratories,  livetmore,  CA 
Drs.  Rob  Barlow  and  Dr.  Alan  Kerstein 

Univerrity  of  Connecticut,  Storrs,  CT 
Prof.  Bald  Cetegoi 


DEGREES  AWARDED 


Ali  SeipengOzel  PIlD.,  May  1992.  (Thesis  advisor,  R.  K.  Chang) 
Alfied  L.S.  Kwok,  Ph  J>.,  May  1993.  (Thesis  advisor,  R.  K.  Chang) 
Jbnadian  Frank,  Master  Science,  May  1991.  (Advisor,  M.  B.  Long) 
Kevin  M.  Lyons,  M.  PhU.,  May  1992.  (Advisor,  M.  B.  Long) 

David  Manan,  Master  of  Science,  May  1993.  (Advisor,  M.  B.  Long) 


